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ABSTRACT
Huntington Disease (HD) is a fatal neurodegenerative disorder that is characterized by
motor, cognitive, and psychiatric symptoms. Although HD onset is determined by motor
symptoms, psychiatric symptoms, like depression and aggression, can develop earlier, have a
larger impact on quality of life, and are understudied due to stigma. Our lab has observed hyper
aggression in our humanized HD mouse model (Hu97/18) compared to our knock-in HD mouse
model (Q175FDN). We characterized these differences and found that the Hu97/18 mice
overreact in neutral situations, behaving as if they are in threatening situations. We are now
using this novel model of HD-related aggression to study its neurological basis. Increased
reactive aggression has been linked to stress levels and the prefrontal cortex (PFC) due to its role
in emotional regulation. This study seeks to determine if HD-related aggression is associated
with increased stress levels and changes in the PFC. Our cortisol study shows that the Hu97/18
mice display significantly higher cortisol levels than baseline, suggesting a link between
systemic stress and heightened aggression. Additionally, quantified PFC volumes show a
moderate relationship between PFC volume and aggression in wild-type (WT) mice that is lost in
the Hu97/18 mice. This data will help elucidate factors that modulate aggression in HD and may
identify therapies with high potential to alleviate this devastating symptom in patients.
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CHAPTER ONE: INTRODUCTION
Huntington Disease
Huntington Disease (HD) is a brain disorder that causes progressive neurodegeneration
over time, resulting in a variety of motor, cognitive, and psychiatric symptoms [1]. HD is an
autosomal dominant disease, in which a CAG repeat tract found in exon 1 of the huntingtin
(HTT) gene is expanded. A CAG repeat length of 10 to 35 is present in the normal population, a
length of 36 to 39 causes reduced penetrance, and 40 or more repeats causes full penetrance of
the disease [2]. Diagnosis of the disease is based on the presence of 36 or more CAG repeats and
supported by the presence of motor symptoms. Additionally, onset of the disease is determined
by motor onset, more specifically through the Unified Huntington Disease Rating Scale
(UHDRS), which provides a uniform assessment of clinical motor signs in HD [3]. However,
many HD patients may develop psychiatric symptoms such as aggression in the early stages of
the disease, often decades before the onset of motor symptoms. These symptoms are
understudied in HD due to stigma and are harder to associate with HD during the early stages of
disease because of their high incidence in the general population and difficulty separating the
reaction to circumstances in people. For example, depression is a psychiatric symptom of HD
that was previously thought to potentially be a reaction to being in an HD family. However, after
studies in HD mice showed depressive phenotypes, depression was demonstrated to be part of
the disease itself [4]. This shows how important it is to study psychiatric symptoms in mice.
Although psychiatric symptoms are understudied in HD, these symptoms can impact
daily functioning and negatively affect patients’ quality of life, as well as their relationships with
caregivers and loved ones [1]. Additionally, psychiatric symptoms such as depression, apathy,
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and aggression are prevalent in HD. In a previous study, the prevalence of aggression as a
symptom for HD patients at clinics was observed to be between 38% to 73% [5]. HD patients
with frequent aggressive episodes can be particularly disruptive and put a strain on family
dynamics. Due to the prevalence rate of psychiatric symptoms in HD and the impact these
symptoms have on patients’ daily lives, it is important to investigate symptoms such as
aggression in HD and the factors that modulate it.
Aggression
Aggression, which is defined as “hostile or destructive behavior caused by frustration that
may lead to verbal or physical attack,” is common in HD patients [6,7]. Aggression is usually
categorized into two distinct types: proactive or predatory aggression, and reactive or impulsive
aggression. Proactive aggression is controlled, lacking in emotion, and usually is associated with
well-planned behavior not due to provocation [7]. Usually, this type of aggression is used to
achieve a desired goal, such as control over others. Reactive aggression is uncontrolled,
emotionally heightened, and can become pathological when an exaggerated aggressive response
occurs for long periods of time [7]. This type of aggression is seen in several disorders such as
explosive personality disorders [6]. Previous studies have found that when HD patients exhibit
aggressive behavior, they either occur without a clear trigger or with a meaningless trigger, such
as simple changes in routine or loud noises [8]. Additionally, these exhibited aggressive
behaviors by HD patients are usually emotionally driven. Since reactive aggression can become
pathological when behaviors are heightened, and due to these emotionally driven aggressive
episodes in HD patients, HD-based aggression is more likely to be reactive.
Aggression can also be based on internal and external stimuli and classified as irritable
aggression, fear-induced aggression, and territorial aggression [6]. Due to the large variability
2

and number of stimuli, more than one or all these aggression types may be exhibited in HD.
Brain dysfunction may be an internal stimulus that predisposes aggression [6]. In a recent study,
physically aggressive prisoners were tested with EEG, brain imaging studies, and
neuropsychological tests to show poor brain functioning in several parts of the brain, including
the frontal and temporal lobes, as well as reduced gray matter and glucose metabolism in the
PFC [6]. This indicates that certain parts of the brain, such as the PFC, may be involved with
predisposing aggressive behaviors.
Prefrontal Cortex and Aggression
The prefrontal cortex is a structure found in the frontal lobe that is responsible for many
higher-level executive functions such as initiating attention and behavior and plays an important
role in emotional regulation, which is the ability to exert control over one’s emotions [9]. The
PFC controls and regulates emotions that are generated by other parts of the brain, such as the
amygdala, through top-down processing [7]. Structures such as the amygdala and insula trigger
emotional signals and are called the bottom-up “drive”, while structures such as the PFC
suppress and regulate these signals and serve as the top-down “brakes” [7]. Therefore, when the
PFC is dysfunctional, the brain is less able to control aggressive impulses and heightened
emotion, resulting in increased aggression [7]. In this way, dysfunction of the PFC may
predispose patients to heightened aggression. A previous study that looked at patients with
Intermittent Explosive Disorder (IED) which is characterized by reactive aggression found that
the behaviors these patients exhibited were similar to those with PFC lesions [10,11].
Additionally, studies have found PFC dysfunction in presymptomatic HD presenting as
significantly decreased activation of the PFC in pre-HD patients [12]. Therefore, heightened
aggressive behaviors may be linked to PFC dysfunction. Interestingly, some studies have found
3

that certain functions of the PFC, such as emotional regulation, may be impaired during stressful
conditions [14,15]. Therefore, stress may also be involved in PFC dysfunction and HD-related
aggression.
Stress
Stress is defined as the effect of psychological, social, and environmental factors on
physical and mental well-being [13]. There are two types of stress, eustress and distress. Eustress
is positive and can motivate people, whereas distress is negative and can cause people to feel
overwhelmed and anxious [14]. Stress can be characterized by physical symptoms such as
fatigue and shortness of breath and can influence the course of many diseases by causing
complications such as pneumonia, heart disease, headaches, and high blood pressure [13]. Due to
its involvement in several body systems, stress can have long-lasting effects on a person’s wellbeing. Studies have found that stress may damage emotional regulation and top-down
processing, which is an important function of the PFC. In these studies, people placed in stressful
situations were less likely to control their emotions and more likely to experience anger than
those who were not [15]. Stress may disrupt emotional regulation through the release of
glucocorticoids such as cortisol and catecholamines, which interfere with top-down processing
[16]. These glucocorticoids, including cortisol, are released by the adrenal glands in response to
stress signals from the anterior pituitary and hypothalamus. Cortisol, specifically, is a key output
of these glands and is elevated in the blood during a stress response. Therefore, it can be
quantified and used as a measure of systemic stress [17]. Overall, stress may play a role in
heightened aggression and may be linked to dysfunction of the PFC.
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Aggression Differences in HD Model Mice
Our lab observed that humanized HD model mice (Hu97/18) [18] demonstrate increased
aggression during handling compared to the knock-in HD model mice (Q175FDN) [19].
Following this observation, a study in our lab measured aggressive behaviors in these mice and
determined that Hu97/18 mice demonstrated significantly higher aggression scores than
Q175FDN mice. Hu97/18 mice exhibited significantly higher attack times (Fig. 1A) and
significantly lower latencies to attack (Fig. 1B) than the wild-type (FVB) and Q175FDN mice
during the neutral homecage (NHC) aggression testing paradigm, in which a test mouse and
standard opponent mouse are placed into a new homecage for 10 minutes. This test is not very
threatening since it occurs in a neutral territory for both mice. Interestingly, Hu97/18, Q175FDN,

and FVB mice all showed similar attack frequencies, suggesting that their motivations for
engaging in aggressive behaviors may be similar (Fig. 1C). Additionally, Hu97/18 mice engaged
in more violent behavior than FVB or Q175FDN mice (Fig. 2).
Figure 1. Hu97/18 mice engage in more aggressive behavior than FVB and Q175FDN mice.
In this study, mice were tested in a NHC aggression testing paradigm. A test mouse and a standard opponent mouse
were placed into a new cage for 10 minutes, and the proportion of time spent in aggressive behavior was measured
for each mouse. This study was conducted by Chloe Larochelle [20]. 1 way ANOVA with Turkey’s Multiple
Comparisons test: **=p<0.01, ***=p<0.001, ****=p<0.0001. Error bars ± SEM.
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Figure 2. Hu97/18 mice engage in more violent behavior than
FVB and Q175FDN mice.
In the NHC paradigm, a higher percentage of Hu97/18 mice
engaged in violent behavior compared to FVB mice.

After the NHC paradigm, the mice were tested in a resident intruder (RI) aggression
testing paradigm, in which a standard opponent mouse is introduced to the test mouse’s home
cage for 10 minutes. This test is more threatening than the NHC test because it occurs in the test
mouse’s established territory. When Hu97/18 mice were tested in the RI paradigm, they did not
exhibit increased aggression as in the NHC paradigm and behaved similarly to the FVB and
Q175FDN mice (Fig. 3 and 4).

Figure 3. Hu97/18 mice behave similarly to FVB and Q175FDN mice in the RI paradigm.
Hu97/18 mice spent a similar proportion of time in aggressive behavior compared to the FVB and Q175FDN mice.
This is a more threatening test, eliciting more aggressive behaviors in FVB and Q175FDN mice compared to the
NHC paradigm in Fig. 1. 1 way ANOVA with Turkey’s Multiple Comparisons test: *=p<0.05. Error bars ± SEM.
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Figure 4. Hu97/18 mice do not engage in more violent behavior in
the RI paradigm.
A similar percentage of Hu97/18 mice engaged in violent behavior
compared to FVB mice during the more threatening RI behavioral
paradigm.

This study shows that aggressive HD mice behave similarly in the less threatening NHC
paradigm as they do in the more threatening RI paradigm, while FVB and Q175FDN mice
display more aggressive behavior in the RI paradigm as is expected based on its higher degree of
threat. This suggests that aggressive Hu97/18 mice overreact to less threatening situations
finding them as perturbing as the invasion of their territory. This overreaction may happen as a
result of increased impulsiveness or stress. The goal of this study is to evaluate the relationship
between stress and HD-related aggression and to determine if the PFC is a potential neurological
mediator of reactive aggressive behavior in HD.
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CHAPTER TWO: METHODOLOGY
Mice and Housing
Experiments were conducted with FVB (WT) mice and Hu97/18 mice, which are
humanized HD mice that displayed heightened aggression in a previous study. All mice were
male between 8 and 9 months of age. Mice were single housed in reverse light cycle conditions
with 12 hours of dark and 12 hours of light per day and given free access to food and water.
Experiments were performed with approval of the Animal Care Committee and Institute Animal
Care and Use Committee (IACUC) at the University of Central Florida (2020-85). Twenty-four
mice were used for the aggression testing paradigms; 10 Hu97/18 and 14 WT mice. Three WT
mice were euthanized during the experiment due to health concerns, resulting in data for 11 WT
mice and 10 Hu97/18 mice for the NHC paradigm. One Hu97/18 mouse was excluded from the
RI paradigm due to a health concern during testing, resulting in data for 11 WT mice and 9
Hu97/18 mice for the RI paradigm. Additionally, one Hu97/18 mouse was euthanized before
PFC volumetric analysis due to a health concern, resulting in PFC volume data for 11 WT mice
and 8 Hu97/18 mice.
Aggression Testing Paradigms
Aggression testing was used to quantify the aggressive behavioral differences between
the mice. Two paradigms were used: Neutral Homecage (NHC) and Resident-Intruder (RI).
Before testing, mice were single housed for at least one week in a reverse-light cycle with lights
out from 10am to 10pm. Testing was performed during the dark phase under red light to promote
natural behaviors when mice are usually awake. The duration of each test was 10 minutes, except
if violent behavior occurred, in which case the test was ended prematurely. Violent behavior is
when mice attack vulnerable areas, including the face, genitals, paws, and belly, or attacks that
8

draw blood. Violent behavior is measured based on percentage of mice who engage in these
behaviors.
In the NHC paradigm, a C57BL/6 (BL6) standard opponent mouse and the test mouse
were simultaneously introduced to a new, clean cage. In the RI paradigm, the standard opponent
mouse was introduced into the test mouse’s established cage. Each test mouse was tested twice
in each paradigm, once with a dominant standard opponent and once with a submissive standard
opponent mouse.
Scoring Aggressive Behaviors
Aggressive behaviors include clinch attack, chase, move toward, keep down, and lateral
threat (Fig. 5). Clinch attack is when a mouse pushes another mouse over, usually by aiming for
the neck or jumping on them. Chase is when one mouse runs after another mouse, move toward
is when one mouse moves towards another mouse without running, keep down is when one
mouse is on top of another mouse and pins them down, and lateral threat is when a mouse attacks
from the side. These behaviors are scored, and measures such as latency to attack, frequency of
aggressive behaviors, and the time spent engaging in aggressive behaviors is determined. Attack
latency is the amount of time that has passed until the first clinch attack occurs. Attack frequency
is calculated by adding the number of aggressive behaviors. Attack time is calculated by dividing
the time spent engaging in aggressive behaviors by the total test time to determine the proportion
of time spent engaging in aggressive behavior.
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Figure 5. Mice demonstrating aggressive behaviors.
The image on the left shows a Hu97/18 mouse exhibiting a “clinch attack” on the standard opponent mouse, in
which it jumps and throws the opponent mouse. The image on the right shows a Hu97/18 mouse exhibiting “keep
down,” in which it pins and holds down the opponent mouse.

Generation of Standard Opponents
Before aggression testing, standard opponent testing was performed, in which the
standard opponent mice were tested against each other in the NHC paradigm to determine which
mice were dominant and which mice were submissive. Dominant behavior is determined through
aggressive behavior measurements as stated above, and submissive behavior is determined
through frequency of submissive behavior, time spent engaging in submissive behavior, and
latency to submissive posture. Submissive behavior includes submissive posture, flight, and
defensive upright posture. Submissive posture is when a mouse is exposing its belly and being
pinned down by the other mouse, flight is when a mouse runs from another mouse, and defensive
upright posture is when a mouse reacts to another mouse exhibiting dominant upright posture by
standing on its hind legs. Classification of the submissive or dominant titles is determined by the
aggression time score, which is the ratio of time spent exhibiting aggressive behaviors to the total
time spent in any behavior. Mice with an aggression time score above 0.5 are labeled as
dominant, and mice with time scores below 0.5 are labeled as submissive.
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Figure 6: Classification of standard opponents as dominant or
submissive.
Dominant mice exhibited significantly higher average aggression time
scores compared to submissive mice. N=7 Submissive, N=10 Dominant.
Unpaired t-test: ****=p<0.0001. Error bars ± SEM.

Plasma Cortisol Quantification
To measure stress levels in the mice, cortisol levels were assessed. Survival bleeding was
performed on the mice at baseline and after each testing paradigm. Mice were restrained in a
50mL tube with a hole cut in the end to allow air flow and only the rear leg and tail free and the
rear leg was stretched out into a natural position. The skin on the upper thigh was gently pressed
to elevate the Saphenous vein and secure the mouse. Fur was removed from one leg using
clippers and the skin was swabbed with Vaseline to visualize the vein and prevent blood from
seeping into the fur. The Saphenous vein was punctured with a 25-26 gauge needle at a 90° angle
and 150µL of blood was collected into a chilled collection tube that was immediately placed on
ice. Blood was collected into EDTA coated tubes (Sarstedt) by letting it accumulate into a
droplet on the skin and letting the droplet fall into the collection tube. After collection, gauze was
used to apply pressure on the puncture site until the bleeding stopped and the mouse was
monitored for 5 minutes afterwards. The collection tubes were centrifuged for 10 minutes at
5000 rpm at 4°C to separate the plasma from the blood. The plasma supernatant was pipetted
into Microvette cryotubes (Fisher), snap frozen, and stored at -80°C. A BioVison ELISA kit
(catalog number: K7430-100) was used to determine cortisol levels of the mice in the plasma
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samples. Three technical replicates were assessed for each mouse, and 20µL of samples were
used. Absorbance at 450nm was compared to a standard curve to determine plasma cortisol
concentration. Cortisol levels for the Hu97/18 and WT mice were compared for both paradigms
to assess effects of testing.
Brain Collection and Neuropathology
After aggression testing, volumetric assessments were conducted to observe
physiological differences of the PFC. Mice were perfused, which is a technique for tissue
preservation in which fixatives are distributed throughout the tissues using the vasculature. Mice
were injected with 2,2,2-Tribomoethanol (Sigma-Aldrich), an anesthetic, by intraperitoneal
injection with a dose 250mg/kg of body weight. The mice were confirmed to be deeply
anesthetized by applying a strong pressure to the bones of the foot and ensuring that no response
was given by the mice. Mice were pinned to a board in the supine position and an incision was
made laterally over the xyphoid process. The xyphoid process was lifted by toothed forceps and
the abdominal muscles were cut laterally without damaging the liver. The diaphragm was cut
using sharp surgical scissors, followed by the ribs on both sides of the thorax. Once the ribs were
cut laterally, they were held up to expose the heart. Extra fat and connective tissue around the
heart were removed to visualize the atria and ventricles. A blunted needle was inserted 2-3 mm
into the left ventricle and a peristaltic pump was used to pump heparinized PBS (phosphate
buffered saline) at a rate of 8ml/min to flow through the vasculature, and the right atrium was cut
to allow the blood and solution to escape. After the fluid from the right atrium became clear, a
4% PFA (paraformaldehyde) solution was used to fix the tissues. After perfusion, the brains were
removed and post-fixed in 4% PFA overnight at 4oC. Brains were cryoprotected in 30% sucrose,
embedded into O.C.T (Tissue Tek), and frozen in a dry ice and ethanol bath. Brains were cut into
12

40µM free floating coronal sections using a cryostat and serially collected into 8 wells so that
each well contained sections spaced 8 apart. To ensure the proper sectioning of the PFC,
sectioning was started and stopped in the same anatomical positions for each mouse. Sectioning
was started after the olfactory bulbs and was stopped right before the striatum. Brain sections
from the third well per mouse (about 5-6 sections) were then mounted on slides and dried
overnight. The slides were placed in cresyl violet dye (Abcam) for 8 minutes and then transferred
to distilled water for 5 minutes to rinse off the excess dye. After drying the slides overnight,
coverslips were placed using Permount (Fisher) mounting medium. Stereological volumetric
assessments were conducted as in [21]. ImageJ software was used to outline the perimeters of the
PFC and the cross-sectional area was determined for each section. The cross-sectional area and
section thickness was used to determine the volume of the PFC for each mouse via the Cavalieri
principle. The PFC volumes were compared to aggression testing scores to determine any
correlation between PFC volume and HD-mediated aggression.
Statistical Analysis
All analysis was performed using GraphPad Prism version 8. Unpaired t-tests were used for
comparison of aggression scores and PFC volumes for the Hu97/18 and WT groups. Mixedeffects analysis with Dunnett’s multiple comparisons test was used to compare differences in
plasma cortisol levels for the two genotypes across all three paradigms (baseline, NHC, and RI).
Simple linear regression tests were used to determine possible relationships between PFC
volume and aggression scores in the two genotypes.
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CHAPTER THREE: RESULTS
Hu97/18 mice show heightened aggression in the NHC paradigm
Consistent with previous results, compared to WT mice, Hu97/18 mice in the NHC
paradigm displayed significantly greater attack times (Figure 7A, Unpaired t-test, p<0.0001).
Hu97/18 mice also displayed significantly shorter attack latencies to clinch attack compared to
the WT mice (Figure 7B, Unpaired t-test, p<0.0001). Additionally, unlike our previous study,
compared to WT mice Hu97/18 displayed significantly higher attack frequencies (Figure 7C,
Unpaired t-test, p<0.0001). This data shows that Hu97/18 mice display greater aggression scores
compared to WT mice in the NHC paradigm.

Figure 7. Hu97/18 mice show heightened aggression during the NHC paradigm.
Hu97/18 and WT mice were tested over a maximum of 10 minutes in the NHC paradigm A. Compared to WT mice,
Hu97/18 mice spent a significantly greater proportion of time in aggressive behavior. B. Compared to WT mice,
Hu97/18 mice had significantly lower attack latency for clinch attack. C. Compared to WT mice, Hu97/18 mice had
significantly higher attack frequencies. N=11 WT, N=10 Hu97/18. Unpaired t-test: ****=p<0.0001. Error bars ±
SEM.

Consistent with previous results, for violent behavior in the NHC paradigm, a higher
percentage of Hu97/18 mice compared to WT mice engaged in violent behavior. Only 4.5% of
WT mice engaged in violent behavior, while 75% of Hu97/18 mice engaged in violent behavior
(Figure 8A). Additionally, Hu97/18 mice had a shorter latency to violent behavior compared to
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WT mice in this paradigm (Figure 8B, Unpaired t-test, p=0.0002). This shows that aggressive
behaviors in Hu97/18 mice are elevated compared to WT mice.
B

Figure 8. Hu97/18 mice show increased violent behaviors during the NHC paradigm.
Hu97/18 and WT mice were tested in the NHC paradigm and violent behaviors were scored. A. Compared to WT
mice, a greater percentage of Hu97/18 mice demonstrated violent behaviors. B. Compared to WT mice, Hu97/18
mice had a significantly shorter latency to engage in violent behavior. N=11 WT, N=10 Hu97/18. Unpaired t-test:
***=p<0.001. Error bars ± SEM.

Hu97/18 mice show heightened aggression in the RI paradigm
Unlike our previous study, compared to WT mice, Hu97/18 mice in the RI paradigm
displayed significantly greater attack times (Figure 9A, Unpaired t-test, p<0.0001). Additionally,
Hu97/18 mice displayed significantly shorter attack latency to clinch attack compared to WT
mice (Figure 9B, Unpaired t-test, p<0.0001). Unlike the NHC paradigm, all the mice exhibited
similar attack frequencies (Figure 9C, Unpaired t-test, p=0.1136).
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Figure 9. Hu97/18 mice show heightened aggression in the RI paradigm.
Hu97/18 and WT mice were tested over a maximum of 10 minutes in the RI paradigm. A. Compared to WT mice,
Hu97/18 mice spent a significantly greater proportion of time in aggressive behavior. B. Compared to WT mice,
Hu97/18 mice had significantly shorter latency to clinch attack. C. Attack frequency was similar across genotypes.
N=11 WT, N=9 Hu97/18. Unpaired t-test: ****=p<0.0001. Error bars ± SEM.

Unlike our previous results, for violent behavior in the RI paradigm, a higher percentage
of Hu97/18 mice compared to WT engaged in violent behavior. About 18% of WT mice and
89% of Hu97/18 mice engaged in violent behavior (Figure 10A). Additionally, Hu97/18 mice
displayed a shorter latency to engage in violent behavior compared to WT mice (Figure 10B,
Unpaired t-test, p<0.0001). This is similar to the NHC paradigm, in which aggressive behaviors
are elevated in the Hu97/18 mice compared to the WT mice.
B

Figure 10. Hu97/18 mice show increased violent behaviors during the RI paradigm.
Hu97/18 and WT mice were tested in the RI paradigm and violent behaviors were noted. A. Compared to WT mice,
a greater percentage of Hu97/18 mice demonstrated violent behaviors. B. Compared to WT mice, Hu97/18 mice had
a significantly shorter attack latency to engage in violent behavior. N=11 WT, N=9 Hu97/18. Unpaired t-test:
****=p<0.0001. Error bars ± SEM.

In both paradigms, a greater percentage of Hu97/18 mice engaged in violent behaviors,
even though the RI paradigm is more threatening. Additionally, Hu97/18 mice were significantly
more aggressive compared to WT mice in both the NHC and RI paradigms (as shown by the
16

attack time and attack latency scores). This data shows that the Hu97/18 mice reacted similarly
in both paradigms.
Hu97/18 mice display elevated stress markers in the NHC paradigm
To investigate the effect of aggression testing on systemic stress, plasma cortisol was
quantified in the mice at baseline conditions and after both paradigms. In the NHC paradigm,
Hu97/18 mice displayed significantly higher cortisol levels compared to baseline conditions
(Figure 11, Mixed-effects analysis with Dunnett’s multiple comparisons test comparing Baseline
to NHC in Hu97/18 mice, p=0.0229). The RI paradigm for the Hu97/18 mice as well as all the
conditions (baseline, NHC, RI) for the WT mice displayed similar levels of cortisol (Figure 11,
Mixed-effects analysis with Dunnett’s multiple comparisons test comparing Baseline to RI in
Hu97/18 mice, p=0.5206, Baseline to NHC in WT mice, p=0.9982, Baseline to RI in WT mice,
p=0.8729, and WT to Hu97/18 in NHC paradigm, p=0.3768).

Figure 11. Hu97/18 mice show significantly higher cortisol in the NHC paradigm.
Plasma cortisol levels were quantified in Hu97/18 and WT mice at baseline and after NHC, and RI testing. N=11
WT (all paradigms), N=14 Hu97/18 Baseline, N=15 Hu97/18 NHC, N=16 Hu97/18 RI. Mixed-effects analysis with
Dunnett’s multiple comparisons test: *=p<0.05. Error bars ± SEM.
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Because the Hu97/18 mice displayed significantly higher cortisol levels in the NHC
paradigm (the same paradigm in which there was a heightened aggressive response for these
mice, suggesting an overreaction to neutral conditions), there may be a link between systemic
stress and heightened aggression.
Hu97/18 mice show reduced PFC volumes
PFC volumes for Hu97/18 and WT mice were evaluated to determine if, compared to WT
mice, Hu97/18 mice show any structural differences in the PFC. Hu97/18 mice had significantly
lower PFC volumes compared to WT mice (Figure 12, Unpaired t-test, p=0.0124).

Figure 12. Hu97/18 mice have significantly lower PFC volumes compared to WT mice.
Means of both genotypes were compared using a two-tailed unpaired t-test. WT mean=25.6482, Hu97/18
mean=18.8884. N=11 WT, N=8 Hu97/18. Unpaired t-test: *=p<0.05. Error bars ± SEM.

WT mice display a moderate relationship between PFC volume and aggression
PFC volumes for both genotypes were compared to aggression scores to determine any
correlations between the two. There was a non-significant moderate positive relationship
between PFC volume and attack time seen in WT mice that was lost in the Hu97/18 mice (Figure
13A, Simple linear regression, WT R2=0.3431 p=0.0583, Hu97/18 R2=0.002363 p=0.9090).
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Additionally, there was a non-significant moderate negative relationship between PFC volume
and attack latency for WT mice that was lost in Hu97/18 mice (Figure 13B, Simple linear
regression, WT R2=0.2603 p=0.1088, Hu97/18 R2=0.002456 p=0.0972). There was a nonsignificant moderate positive relationship between PFC volume and attack frequency for both
WT and Hu97/18 mice (Figure 13C, Simple linear regression, WT R2=0.1329 p=0.2703,
Hu97/18 R2=0.2278 p=0.2317), which is different from the other two aggression scores since the
relationship is retained in Hu97/18 mice.
Figure 13. A moderate relationship was seen between PFC
volume and aggression scores in WT mice but was lost in
Hu97/18 mice.
The relationship between PFC volume and aggressive
behaviors was determined for WT and Hu97/18 mice. A
moderate relationship between attack time and PFC volume (A)
and attack latency and PFC volume (B) was seen in WT mice
but was lost in Hu97/18 mice (A: p=0.0583 WT, p=0.9090
Hu97/18. B: p=0.1088 WT, p=0.0972 Hu97/18). A moderate
relationship between attack frequency and PFC volume (C) was
seen for both WT and Hu97/18 mice (p=0.2703 WT, p=0.2317
Hu97/18). N=11 WT, N=8 Hu97/18. Simple Linear
Regression.
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CHAPTER FOUR: DISCUSSION AND FUTURE DIRECTIONS
Hu97/18 mice showed heightened aggressive behaviors compared to WT mice in the
NHC paradigm. Additionally, a higher percentage of Hu97/18 mice engaged in violent behavior
compared to the WT mice. These results are consistent with our previous study, in which
Hu97/18 mice also displayed heightened aggression scores in this paradigm. However, in this
study, the Hu97/18 mice were also more aggressive in the RI paradigm in both aggressive and
violent behaviors. These results differ from our previous study where the Hu97/18 and WT mice
behaved similarly in the RI paradigm.
The Hu97/18 mice also had higher overall aggression in this study compared to the
previous study. In the NHC paradigm, the Hu97/18 mice displayed average attack time scores of
about 0.5, attack latency scores of about 100, and attack frequency scores of 40. In our previous
study, the average attack time scores for these mice were about 0.35, attack latency scores were
about 250, and attack frequency scores were around 25. This increase in absolute aggression
values was also observed in the RI paradigm, where the Hu97/18 mice displayed average attack
time scores of 0.8, attack latency scores of 100, and attack frequency scores of 25. In our
previous study, these mice displayed average attack time scores of 0.25, attack latency scores of
200, and attack frequency scores of about 18. Furthermore, in both paradigms, the Hu97/18 mice
were more aggressive than WT mice in this study, unlike to the previous one.
This discrepancy suggests a possible stressor present in this study but not the previous
aggression study. One possible stressor is the testing location in the animal facility for this study.
Our previous study was conducted in an examination room inside of another room, far from any
outside disturbances. However, this study was conducted in a room next to the hallway, and
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although the testing was as far away from the hallway as possible, the noises from people or carts
may have been stressful for the hypersensitive Hu97/18 mice. More aggression studies are
currently being conducted away from this possible stressor to evaluate the aggressive behaviors
exhibited by these mice and if location affects these behaviors. However, in this study, Hu97/18
mice still displayed heightened, reactive aggression compared to WT mice, showing their
aggressive phenotypes. Because they display this aggressive behavior in the NHC paradigm,
which is a neutral condition, this aggression may still be the result of an overreaction.
Supporting this is the finding of higher cortisol levels for Hu97/18 mice in the NHC
paradigm compared to baseline levels. This shows that the Hu97/18 mice, which show an
overreaction in the NHC paradigm, are also more stressed in that paradigm. This suggests a
possible link between systemic stress and heightened aggression in these mice that needs to be
further explored. Interestingly, the Hu97/18 and WT mice in this study seem to display elevated
baseline stress compared to other studies. One study that measured restraint stress in male mice
found that at baseline levels, mice displayed cortisol levels of around 7ng/ml [22]. In this study,
WT mice display average baseline cortisol levels of around 12ng/ml and Hu97/18 mice display
average baseline cortisol levels of 15ng/ml. Due to this added stress at baseline conditions, it
may be harder to assess their response to behavior testing.
In addition to circulating cortisol levels, PFC volumes for Hu97/18 and WT mice were
determined in order to see any possible structural differences in the PFC between the two
genotypes. These volumetric assessments showed that Hu97/18 mice had significantly lower
PFC volumes compared to WT mice, showing that the PFC is structurally different in Hu97/18
mice than WT mice. These structural differences are seen in HD patients as well. Preclinical HD
carriers show reduction in grey matter volume of the PFC compared to healthy controls [23].
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Additionally, HD patients that are moderately affected have significantly decreased frontal lobe
volume, showing that structural changes in the frontal lobes may be linked to the disease [24].
Similarly, the lower PFC volume in Hu97/18 mice found in this study may contribute to the
disease state and be linked to altered phenotypes of HD. The assessments also showed a trend
towards a relationship between PFC volume and aggression scores in WT mice that was lost in
Hu97/18 mice. These HD mice may have multiple variables and different brain regions
influencing each other to cause certain phenotypes like aggression, so it may be hard to pinpoint
the relationship of one single region to the aggressive phenotype. However, for attack frequency
in Hu97/18 mice, a trend toward a positive relationship was seen, suggesting that there may be a
link between PFC volume and attack frequency, but not all aggression scores. Therefore, the link
between PFC volume and aggression is not clear, even though Hu97/18 mice had significantly
lower PFC volumes indicating a structural difference in this region.
Future Directions
In ongoing work, we will conduct PFC volumetric analysis on our knock-in HD mouse
model (Q175FDN), which do not display heightened aggression to assess structural differences
and possible relationships to aggressive behavior. If atrophy of the PFC is not seen in this nonaggressive HD mouse model, then this would suggest a link between PFC atrophy and reactive
aggression. However, if similar amounts of PFC atrophy are seen in both mouse models, this
would suggest that other neurological factors mediate HD-related aggression.
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